(b) is a cross-sectional TEM image of a 500 nm GaN film grown on a 1 µm Al 1-x Ga x N buffer layer, collected under the multi-beam diffraction condition to reveal all types of TDs. It is evident that significant bending and annihilation of TDs occur in the top half of the Al 1-x Ga x N buffer layer. The TD densities of the GaN films were determined using plan-view TEM images collected from 10 different regions with a total area of ~20 µm 2 . Figures 2 (a) and (b) are typical plan-view images for GaN films grown directly on thin AlN buffers and on Al 1-x Ga x N buffer layers, respectively. A reduced TD density of (1.1±0.2)×10 10 cm -2 in GaN films grown on Al 1-x Ga x N buffer layers was achieved, in comparison with (1.5±0.3)×10 10 cm -2 for those grown directly on AlN buffer layers. This TD density reduction is apparently due to the bending and annihilation of TDs in the compositionally graded Al 1-x Ga x N buffer layer shown in Fig. 1 
(b).
Due to the high lattice mismatch (-19% for x=0 at the interface) between the Al 1-x Ga x N buffer layer and the Si substrate, the initial TD density in the Al 1-x Ga x N buffer layer near the Al 1-x Ga x N/Si interface is very high. This is illustrated in Fig. 1 (b) , where individual TDs cannot be distinguished near the buffer/Si interface. Reducing this initial TD density in the Al 1-x Ga x N buffer layer may further reduce the TD density in the overgrown GaN film. Thus, an AlN buffer and a GaN base layer were grown before the growth of the compositionally graded Al 1-x Ga x N buffer layer in order to reduce the lattice mismatch and the initial TD density in the Al 1-x Ga x N layer. Figure 1 (c) shows a cross-sectional TEM image of the Al 1-x Ga x N/GaN/AlN buffer combination. Clearly, the initial TD density in the Al 1-x Ga x N buffer layer near the Al 1-x Ga x N/GaN interface is significantly lower than that near the Al 1-x Ga x N/Si interface shown in Fig. 1 (b) , as a result of the much lower lattice mismatch (-2.5% at x=0) between Al 1-x Ga x N and GaN than that between Al 1-x Ga x N and Si. Figure 2 (c) is a typical plan-view TEM image of a GaN film grown on such an Al 1-x Ga x N/GaN/AlN buffer combination. The TD density of this GaN film is (6.1±1.4)×10 9 cm -2 , ~45% lower than that grown on a single Al 1-x Ga x N buffer layer. 
